Objective: The aim of this study was to compare quantitative and semiquantitative parameters (signal-to-noise ratio [SNR], contrast-to-noise ratio [CNR], image quality, diagnostic confidence) from a standard brain magnetic resonance imaging examination encompassing common neurological disorders such as demyelinating disease, gliomas, cerebrovascular disease, and epilepsy, with comparable sequence protocols and acquisition times at 3 T and at 7 T. Materials and Methods: Ten healthy volunteers and 4 subgroups of 40 patients in total underwent comparable magnetic resonance protocols with standard diffusion-weighted imaging, 2D and 3D turbo spin echo, 2D and 3D gradient echo and susceptibility-weighted imaging of the brain (10 sequences) at 3 T and 7 T. The subgroups comprised patients with either lesional (n = 5) or nonlesional (n = 4) epilepsy, intracerebral tumors (n = 11), demyelinating disease (n = 11) (relapsing-remitting multiple sclerosis [MS, n = 9], secondary progressive MS [n = 1], demyelinating disease not further specified [n = 1]), or chronic cerebrovascular disorders [n = 9]). For quantitative analysis, SNR and CNR were determined. For a semiquantitative assessment of the diagnostic confidence, a 10-point scale diagnostic confidence score (DCS) was applied. Two experienced radiologists with additional qualification in neuroradiology independently assessed, blinded to the field strength, 3 pathology-specific imaging criteria in each of the 4 disease groups and rated their diagnostic confidence. The overall image quality was semiquantitatively assessed using a 4-point scale taking into account whether diagnostic decision making was hampered by artifacts or not. Results: Without correction for spatial resolution, SNR was higher at 3 T except in the T2 SPACE 3D, DWI single shot, and DIR SPACE 3D sequences. The SNR corrected by the ratio of 3 T/7 T voxel sizes was higher at 7 T than at 3 T in 10 of 11 sequences (all except for T1 MP2RAGE 3D).
O perational whole-body human 7 T ultra-high-field magnetic resonance (MR) units are currently available in approximately 60 centers worldwide. These are currently only used for ethically approved clinical research because no Conformité Européenne labelling or other regulatory approval for clinical use is available for 7 T MR systems. Because signal-to-noise ratio (SNR) scales linearly with the static magnetic field strength (B 0 ), most applications at 7 T are driven by the need to obtain higher spatial resolution and gray matter (GM)/white matter (WM) contrast.
1 Ultra-high-field MR imaging (MRI) provides additional morphologic, functional, 2,3 metabolic, 4 and biochemical 5 information about the brain.
New insights into cortical lesions (CLs) in cerebrovascular disease 6 and in multiple sclerosis (MS) 7 in vitro have been gained recently, and an increasing number of clinically focussed in vivo studies at 7 T are being conducted. [8] [9] [10] Using susceptibility-weighted imaging (SWI), the plaque-vessel relationship, 11 iron deposits, 12 and temporal evolution 13 in MS may be better evaluated with 7 T, as well as the microvasculature in gliomas. 14 Imaging of the hippocampus, notably subfields of the internal hippocampal anatomy, and the sometimes only subtle alterations due to repetitive epileptic seizures, may benefit from improved spatial resolution. 15 However, in vivo studies that compare 7 T with 3 T are still rare. [16] [17] [18] [19] Magnetic resonance examinations at 3 T have become part of the clinical routine since approximately the year 2000. These are now considered as the relative criterion standard because these routine clinical scanners are equipped with the most advanced hardware, in particular, a range of dedicated multichannel receive radiofrequency coils for different clinical questions.
In assessing the clinical value of moving to higher field strength, the crucial point is whether or not ultra-high-field imaging of the brain at 7 T is advantageous compared with high-field imaging at 3 T when applying routine sequences, not only for just 1 or 2 pathological findings, but for the most important pathological findings of common diseases of the brain.
This study aims to compare quantitative and semiquantitative parameters (SNR, contrast-to-noise ratio [CNR] , image quality, diagnostic confidence) of routine brain MRI examinations with comparable sequences and similar scan time at 3 T and 7 T, evaluating 3 important imaging criteria within 4 common disease groups of the brain (vascular disease, demyelinating disease, temporal lobe epilepsy (TLE), and tumor disease).
MATERIALS AND METHODS
The local ethics committee approved this study. Written informed consent was obtained from all subjects. The clinical investigation was performed in full compliance with the valid legal regulations according to the Medical Device Law (MPG Medizinproduktegesetz) of the Republic of Austria and ISO 14155.
A total of 10 volunteers (6 women and 4 men; median age, 27.5 years; range, 22-60 years) and 40 patients (20 women and 20 men; median age, 42.5 years; range, 19-92 years) underwent MRI with a protocol of 10 comparable sequences at 3 T and 7 T with the same acquisition time, but some different parameter settings due to different field strengths. In addition, 10 volunteers (1 woman and 9 men; median age, 24.5 years; range, 19-37 years) underwent task-free blood oxygenation level-dependent functional MRI (fMRI).
With the exception of fMRI, a fully comprehensive set of routine sequences for a standard MRI examination of the brain were performed, covering demyelinating disease, tumor disease, microvascular disease, and epileptogenic disorders.
Patients were referred to our department during diagnostic workups for TLE (n = 9) (mesial temporal lobe epilepsy [n = 5], unclear seizure focus [n = 4]), brain tumors (n = 11), demyelinating disease (n = 11) (relapsing-remitting MS [n = 9], secondary progressive MS [n = 1], demyelinating disease not further specified [n = 1]), or for suspicion of chronic vascular disease (n = 9).
All subjects were scanned on an investigational 7 T whole-body MR scanner (Siemens Healthcare, Erlangen, Germany) equipped with a 32-channel head coil (Nova Medical, Wilmington, MA) and on a 3 T MAGNETOM Trio, a Tim System (Siemens Healthcare, Erlangen, Germany) equipped with a 32-channel Siemens head coil. The 3 T and 7 T measurements were performed on the same day for 37 patients and 19 volunteers, in 3 patients within 4 days, and in 1 volunteer who underwent fMRI without a task within 4 days. The following sequences were acquired (with parameters listed in Table 1): 1. Magnetization prepared rapid acquisition gradient echo sequence with bias field correction (MP2RAGE) 20 2. 2D turbo spin echo (T2 TSE 2D) 3. 2D FLAIR TSE (FLAIR TSE 2D) 4. 3D FLAIR TSE with variable flip angle (FLAIR SPACE 3D) 5. High-resolution axial 3D flow-compensated T2*-weighted gradient echo sequence (T2* GRE) 6. Single-shot diffusion-weighted echo planar imaging (EPI) (DWI single shot) 7. Multishot readout-segmented diffusion-weighted EPI with 2D navigator correction (DWI RESOLVE) 21 8. 2D gradient echo EPI (fMRI) 9. 3D T2-weighted TSE with variable flip angle (T2 SPACE 3D) 10. T1-weighted spoiled gradient echo sequence (T1 FLASH) 11. 3D double inversion recovery TSE with variable flip angle (DIR SPACE 3D)
In the TLE cohort, a coronal 2D T2 TSE sequence with 25 slices was additionally acquired. At 3 T, this had a matrix size of 512 Â 460 (0.5 Â 0.4 Â 1.5 mm 3 voxels), turbo factor of 15 with 31 echo trains per slice, echo time (TE)/repetition time (TR) = 110/5420 milliseconds, flip angle (FA) = 180 degrees, bandwidth = 140 Hz/pixel, with 3 averages. At 7 T, the matrix size was 688 Â 688 (0.3 Â 0.3 Â 1.5 mm 3 voxels), GRAPPA factor 2, turbo factor of 11 with 29 echo trains per slice, TE/TR = 81/4500 milliseconds, FA = 147 degrees, bandwidth = 140 Hz/pixel, 4 averages.
Protocols were adjusted to achieve a higher spatial resolution at 7 T in the same acquisition time, while maintaining a similar CNR and image SNR which was acceptable for clinical use. Two repetitions of each sequence were carried out at both field strengths using a spherical oil phantom for SNR calculation according to Dietrich et al. 22 
Evaluation of Adverse Effects
A questionnaire was completed by every patient after the MRI examination at the 2 field strengths. Each adverse effect was analyzed with respect to duration of the symptom, intensity, requirement of further treatment, and relationship to medical device.
Quantitative Analysis
For each sequence, 2 readers independently selected regions of interest (ROIs) for SNR and CNR estimation. SNR was calculated as the mean signal intensity divided by the standard deviation in a homogeneous WM area, which was not affected by any pathology. The standard deviation of the WM signal was used as an estimate of noise (rather than that in a background region) due to the lack of true background noise in DWI or MP2RAGE. A "voxel-volume-normalized" SNR was calculated for 7 T by multiplying the 7 T SNR values by the ratio of the 3 T and the 7 T voxel volumes to account for the effect of the different resolutions used at the 2 field strengths.
In volunteers and patients with no visible pathology, the CNR was estimated as the difference between the mean signal of WM and GM ROIs, divided by the standard deviation of the signal in WM. In SWI, a small vein (with a diameter slightly above the voxel size at 3 T) was used instead of the GM ROI. In patients with visible pathology, ROIs were placed within the pathology and in normal-appearing WM, respectively. Mean SNR and CNR values were calculated for each cohort of volunteers and patients (grouped according to their pathology). SNR and CNR results from both readers were combined using the following equations 23 :
Where À X 1 , À X 2, and À X c are the mean SNR or CNR from reader 1, 2, and both readers combined. Similarly, σ 1 , σ 2, and σ c are the standard deviations of SNR or CNR from reader 1, 2, and both readers combined. n 1 and n 2 represent the sample sizes of the cohorts from readers 1 and 2.
In the case of phantom measurements, the SNR of each sequence was estimated from a circular ROI at the center of the phantom. Two runs with the same sequence were combined into a sum and a difference image and SNR was calculated as the mean signal of the sum image divided by √2 and the standard deviation of the difference image, according to Dietrich et al. 22 Semiquantitative Analysis-Diagnostic Confidence Score
For each of the 4 disease groups, 3 pathology-specific imaging criteria were assessed (see example evaluation sheet, Table 2 ). Two experienced radiologists specialized in neuroimaging (with 22 and 5 years of experience) were asked to rate their confidence level for the criteria at both field strengths. Assessment of images was performed independently, and in a random order for both field strengths and both readers were blinded with regard to field strength.
The following criteria for the 4 disease groups were assessed: 1. The diagnostic confidence score (DCS), 24 originally published as a 5-point grading system, was extended to a 10-point grading system and in tumor disease was slightly adapted for all 3 criteria (Table 3 ). The DCS was calculated by assigning different weighting factors to the confidence levels ( Table 4) .
The more patients with a high diagnostic certainty for the disease-specific criterion are found ("definitely no lesion" and "definitely a lesion"), the higher the score of the examined disease-specific criterion will be. This value is reduced by 1 count for each patient with a low diagnostic certainty ("small chance of 1 or more lesions") regarding the examined disease-specific criterion. It is also reduced, but to a smaller amount (by 0.5, 0.375, or 0.25 counts) when the diagnosis was made with a high probability but not without doubt ("highly likely 1 or more lesions," "quite likely 1 or more lesions," "probably 1 or more lesions," "possibly 1 or more lesions," "possibly no lesions," "probably no lesions," and "likely no lesions"). In summary, the higher the score, the higher the global diagnostic confidence.
The score was calculated per patient. Scores were rounded to 1 decimal place.
Histopathology was available in 6 of 9 patients in the epilepsy cohort after mesiotemporal lobectomy. Correlation with the criterion diagnosis/exclusion of MTS was possible in 5 of the 9 cases due to the lack of a coronal T2-weighted sequence in 1 case. In the tumor cohort, histopathology was available in 10 of 11 patients after tumor resection. Correlation with the criterion "benign versus malignant" was possible in 9 of the 10 cases, due to an ambiguous result in 1 patient.
A metastatic lesion was proven by histopathology and through the administration of a conventional gadolinium-based contrast agent within an MRI examination performed between 34 and 2 days before the examination at 3 T and 7 T MRI.
The intra-axial versus extra-axial location of a lesion was proven by histopathology and by all available clinical data.
Based on the criterion standard, the accuracy of the diagnosis of both readers was calculated.
Image Quality
Overall image quality was graded according to a 4-level scale. The amount of blurring and other artifacts, the contrast between cerebrospinal fluid and parenchyma, GM-WM differentiation, and the amount of noise, were analyzed subjectively and independently by 2 radiologists. 
No. subjects with "definitely no lesions" of this criterion N lnl
No. subjects with "likely no lesions" of this criterion N pnl
No. subjects with "probably no lesions" of this criterion N possnl
No. subjects with "possibly no lesions" of this criterion N sc1l
No. subjects with "small chance of 1 or more lesions" of this criterion N poss1l
No. subjects with "possibly 1 or more lesions" of this criterion N p1l
No. subjects with "probably 1 or more lesions" of this criterion N ql1l
No. subjects with "quite likely 1 or more lesions" of this criterion N hl1l
No. subjects with "highly likely 1 or more lesions" of this criterion N d1l
No. subjects with "definitely 1 or more lesions" of this criterion DCS indicates diagnostic confidence score. Blank spaces indicate no GM/WM contrast. Results for healthy volunteers (left) and patients analyzed as healthy volunteers, that is, without visible pathology (right). *Please note that these volunteers are different than those considered for the remaining 10 sequences, as described in Materials and Methods. SNR indicates signal-to-noise; CNR, contrast-to-noise ratio; MP2RAGE, magnetization prepared rapid acquisition gradient echo sequence with bias field correction; T2 TSE 2D, 2D turbo spin echo; FLAIR TSE 2D, 2D FLAIR TSE; T2* GRE, T2*-weighted gradient echo sequence; f MRI, functional MRI; T2 SPACE 3D, 3D T2-weighted TSE with variable flip angle; FLAIR SPACE 3D, 3D FLAIR TSE with variable flip angle; DWI single shot, single-shot diffusion-weighted imaging EPI; DWI RESOLVE, multishot readout-segmented diffusion-weighted EPI with 2D navigator correction; T1 FLASH, T1-weighted spoiled gradient echo sequence; DIR SPACE 3D, 3D double inversion recovery TSE with variable flip angle.
The image quality score was assessed taking into account whether or not diagnostic decision making was hampered by artifacts, for example, motion artifacts, or by the well-known coil-related signal decrease in the posterior fossa. Images graded as 1 had poor quality (limited diagnostic information, severe artifacts), and images graded as 4 had excellent image quality (eg, good diagnostic quality, minor, or no artifacts).
Statistical Analysis
All statistical computations were performed using IBM SPSS Statistics for Windows Version 22.0.0.1 and N-Query-Advisor 7.0.
Assuming a medium effect (epsilon = 0.47) and a dropout rate of 5%, 40 patients were necessary to obtain a power of 80% (type 2 error of 20%) using a 2-tailed α level of 5%.
Metric data, such as SNR and CNR, are described using mean and standard deviation, DCS in absolute numbers. To compare 3 T and 7 T, paired Student t tests were performed. Because of the relatively small sample size, no multiplicity corrections were performed to avoid increasing error of the second type.
A P value equal to or below 0.05 was considered to indicate significant results.
Moderation effects were calculated. The interobserver variability was expressed through absolute and relative values of interobserver agreement.
RESULTS

Quantitative Analysis
Summary statistics for SNR and CNR and voxel-volume-adjusted SNR estimations for volunteers and patients are presented in Tables 5,  6 , and 7. Because of reconstruction errors in 3 healthy subjects (subjects 6, 8, and 10), SWI images were not available. These were therefore not included in the SNR and CNR calculation. If no correction for the differing voxel sizes was applied, SNR values were higher for the measurements at 3 T (which were lower resolution). Exceptions, with higher SNR at 7 T despite higher spatial resolution, were for T2 SPACE 3D, DWI single shot, and DIR SPACE 3D images. The 7 T/3 T ratios of voxel-volume-adjusted SNR estimations in the phantom and in vivo measurements are summarized in Table 8 . Results for DWI are not included for the phantom, as this was not suited to measurements of diffusion. Signal-to-noise ratio corrected by the ratio of 3 T/7 T voxel size was higher at 7 T than at 3 T in 10 of 11 sequences (the exception being T1 MP2RAGE 3D) in volunteers and all patient groups. The same was true for the phantom, in which SNR was assessed according to Dietrich et al. 22 Average CNR values were broadly comparable at 3 T and 7 T in volunteers and in patients. Exceptions were higher CNR at 3 T with T1 MP2RAGE 3D and generally slightly higher CNR at 7 T with T2 SPACE 3D and FLAIR TSE 2D. The CNR standard deviations were of the same order of magnitude as the average CNR values themselves, however, as readers generally selected different pathologies for evaluation. In DWI sequences (single shot and RESOLVE) in volunteers and those patients analyzed in the same way as volunteers (no visible pathology), CNR values were not calculated because in diffusion-weighted images there was, as it is well known, no clear GM/WM contrast.
Semiquantitative Analysis-Diagnostic Confidence Score
The overall diagnostic confidence of both readers (absolute DCS values in brackets next to DCS values per patient) was higher at 7 T compared with 3 T (Table 9 ). Interrater agreement was 69.7% at 3 T and 93.3% at 7 T. Patient SNR and CNR results were grouped by pathology. SNR indicates signal-to-noise; CNR, contrast-to-noise ratio; MP2RAGE, magnetization prepared rapid acquisition gradient echo sequence with bias field correction; T2 TSE 2D, 2D turbo spin echo; FLAIR TSE 2D, 2D FLAIR TSE; T2* GRE, T2*-weighted gradient echo sequence; f MRI, functional MRI; T2 SPACE 3D, 3D T2-weighted TSE with variable flip angle; FLAIR SPACE 3D, 3D FLAIR TSE with variable flip angle; DWI single shot, single-shot diffusion-weighted imaging EPI; DWI RESOLVE, multishot readout-segmented diffusion-weighted EPI with 2D navigator correction; T1 FLASH, T1-weighted spoiled gradient echo sequence; DIR SPACE 3D, 3D double inversion recovery TSE with variable flip angle.
Diagnostic Confidence Score for Vascular Disease
The DCS for the assessment of the 3 diagnostic criteria in vascular disease (Table 10 ) at 3 T for reader 1 was 0.3 (8.1), and for reader 2 was 0.4 (10.0). At 7 T, the DCS was 0.7 (17.9) for both readers. Diagnostic confidence score values showed significant differences between the 2 field strengths (P = 0.03) and between the 3 disease-specific criteria (P = 0.016). No significant moderation effects were observed. Interrater agreement was 81.5% at 3 T and 100% at 7 T.
There was no significant difference in diagnostic confidence between the 2 observers in the evaluation of the extent of WMCs in SNR indicates signal-to-noise; MP2RAGE, magnetization prepared rapid acquisition gradient echo sequence with bias field correction; T2 TSE 2D, 2D turbo spin echo; FLAIR TSE 2D, 2D FLAIR TSE; T2* GRE, T2*-weighted gradient echo sequence; f MRI, functional MRI; T2 SPACE 3D, 3D T2-weighted TSE with variable flip angle; FLAIR SPACE 3D, 3D FLAIR TSE with variable flip angle; DWI single shot, single-shot diffusion-weighted imaging EPI; DWI RESOLVE, multishot readout-segmented diffusion-weighted EPI with 2D navigator correction; T1 FLASH, T1-weighted spoiled gradient echo sequence; DIR SPACE 3D, 3D double inversion recovery TSE with variable flip angle. Patient SNR and CNR results were grouped by pathology. SNR indicates signal-to-noise; CNR, contrast-to-noise ratio; MP2RAGE, magnetization prepared rapid acquisition gradient echo sequence with bias field correction; T2 TSE 2D, 2D turbo spin echo; FLAIR TSE 2D, 2D FLAIR TSE; T2* GRE, T2*-weighted gradient echo sequence; f MRI, functional MRI; T2 SPACE 3D, 3D T2-weighted TSE with variable flip angle; FLAIR SPACE 3D, 3D FLAIR TSE with variable flip angle; DWI single shot, single-shot diffusion-weighted imaging EPI; DWI RESOLVE, multishot readout-segmented diffusion-weighted EPI with 2D navigator correction; T1 FLASH, T1-weighted spoiled gradient echo sequence; DIR SPACE 3D, 3D double inversion recovery TSE with variable flip angle. vascular disease. The DCS was statistically significantly higher at 7 T for the diagnosis and exclusion of CLs in vascular disease (P = 0.016 for reader 1, P = 0.036 for reader 2). The DCS was higher at 7 T for the diagnosis of MBs in vascular disease; however, this was not a statistically significant effect.
Diagnostic Confidence Score for Multiple Sclerosis
The DCS for the assessment of the 3 diagnostic criteria in MS (Table 10 ) at 3 T for reader 1 was 0.1 (4.3) and for reader 2 0.3 (9.9). At 7 T, the DCS was 0.6 (18.9) for reader 1 and 0.5 (17.5) for reader 2. Diagnostic confidence score values showed significant differences between the 2 field strengths (P < 0.001), and between the 3 criteria (P < 0.001). Moderation effects to the method were "rater" (P = 0.013) and "criteria" (P = 0.015), and the triple interaction rater Â method Â criteria showed that the influence of the criteria on the difference between the DCS scores at the 2 field strengths was different between the 2 raters (P = 0.007). Interrater agreement was 63.6% at 3 T and 93.9% at 7 T.
There was no difference in diagnostic confidence in the evaluation of the distribution pattern of MS lesions. There was a tendency for the DCS to be higher at 7 T for the diagnosis and exclusion of CLs in MS (Fig. 1) . The DCS for depicting the central vein or iron accumulations within a lesion in MS was statistically significantly higher at 7 T for reader 1 (P < 0.001), and for reader 2, there was a tendency for the DCS to be higher at 7 T (P = 0.068; Fig. 2 ).
Diagnostic Confidence Score for Temporal Lobe Epilepsy
The DCS values for the assessment of the 3 possible underlying pathologies for temporal lobe epilepsy (Table 11 ) at 3 T were 0.2 (5.6) for reader 1 and 0.5 (12.6) for reader 2. At 7 T, the DCS was 0.7 (18.1) for reader 1 and 0.6 (16.9) for reader 2. No significant moderation effects were observed. Interrater agreement was 57.7% at 3 T and 92.3% at 7 T.
The DCS for the diagnosis and exclusion of MTS with regard to which subunits of the hippocampus were affected was higher at 7 T; however, this was not statistically significant (Fig. 3) . In 3 patient cases, both readers expressed slightly less confidence at 7 T for the diagnosis of MTS with regard to the lesioned subunits of the hippocampus due to motion artifacts in the 7 T images. The accuracy of both raters for diagnosis and exclusion of MTS, using both field strengths, was 100%. For the diagnosis and exclusion of MCD, the DCS was higher at 7 T; for reader 1, there was a tendency for the DCS to be higher at 7 T (P = 0.097), and there was no statistically significant difference observed for reader 2. The DCS was higher at 7 T for the diagnosis and exclusion of vascular malformations and MBs in temporal lobe epilepsy; for reader 1, the difference between the 2 field strengths was statistically significant (P = 0.035); however, there was no statistically significant difference for reader 2.
Diagnostic Confidence Score for Tumor
The DCS values for the assessment of the 3 diagnostic criteria for brain tumors (Table 11 ) at 3 T were 0.5 (15.8) for reader 1 and 0.7 (21.5) for reader 2. At 7 T, the DCS was 0.6 (20.5) for reader 1 and 0.7 (22.8) for reader 2. Diagnostic confidence score values showed significant differences between the 3 criteria (P = 0.043). No significant moderation effects were observed. Interrater agreement was 75.8% at 3 T and 87.9% at 7 T.
The DCS for the assignment of a lesion to an extra-axial versus an intra-axial location was higher at 7 T, but this was not a statistically significant effect. The DCS for the evaluation of whether a lesion was singular or multiple was higher at 7 T, although this was not statistically significant. The DCS for evaluating whether a tumor was benign or malignant was higher at 7 T, although this was not a statistically significant effect (Fig. 4) . In 10 of 11 patients in our brain tumor cohort, histopathology was available.
For the criterion "extra-axial versus intra-axial location of the lesion," the accuracy of both raters was 100% at both field strengths.
For the criterion "singularity versus multiplicity of lesions," reader 1 assessed, in 1 case, at both field strengths, a singular metastasis as multiple metastases, due to different weighting of a small corticalsubcortical lesion on noncontrast imaging. The accuracy of reader 1 was 90% using both field strengths, and the specificity of reader 1 regarding the multiplicity of a lesion at both field strengths was 85.7%. The accuracy of reader 2 was 100% at both field strengths.
For the criterion "benign versus malignant lesion" reader 1, in 1 case, at 3 T assessed a malignant lesion as benign, and at 7 T, reader 1 achieved the correct rating, retrospectively, due to the better visualization of neoangiogenesis in malignant brain tumors through SWI imaging. The accuracy of reader 1 was 88.9% using 3 T, and the sensitivity regarding the benignity of a lesion was 83%. The accuracy of reader 1 was 100% using 7 T, and that of reader 2 was 100% at both field strengths.
Image Quality
There was no significant difference in the overall image quality score between 3 T and 7 T, with values of 3.8 for reader 1 at both field strengths, 3.6 for reader 2 at 3 T, and 3.7 for reader 2 at 7 T, where the image quality score was assessed on the basis of whether or not diagnostic decision making was hampered by artifacts, for example, motion artifacts, or by the well-known coil-related signal decrease in the posterior fossa.
Adverse Effects
Fourteen subjects experienced dizziness during the examination at 7 T; 1 of these experienced additional nausea. The duration of the symptoms was less than 30 minutes in all cases. The intensity of the symptom dizziness was graded moderate by the patient who also experienced nausea; nausea in this patient was mild. By all other 13 patients who experienced dizziness during the 7 T examination, this symptom was graded as being mild. In all 14 cases, the symptom dizziness was possibly related to the medical device. No further treatment was necessary in all cases. No further adverse effects were observed.
No adverse effects were observed during the examination at 3 T.
DISCUSSION
In this study, we aimed to compare quantitative and semiquantitative parameters (SNR, CNR, image quality, diagnostic confidence) of standard brain MRI examinations, with comparable sequence parameters and similar scan time at 3 T and 7 T, for the evaluation of 4 common disease groups of the brain, with a focus on 3 important imaging criteria in each group.
As a main finding, this study demonstrated overall higher DCSs at 7 T compared with 3 T. This is mainly due to the higher spatial resolution, which can be achieved at 7 T, as evidenced by higher voxel-volume-normalized SNR in the same scan time, and due to the higher phase contrast at 7 T. The higher SNR at 7 T can be invested in higher spatial resolution at 7 T in comparison to 3 T in the same time.
Selection Criteria for the Patients
Our aim was to cover relevant clinical questions for the neuroradiologist in her/his daily clinical setting. 25 Preselection required acceptance of an MRI examination that consisted of a protocol of 10 sequences, which required 1 hour at both field strengths. Patients in an emergency setting were thus excluded from the study.
Diagnostic Confidence Score
We selected the DCS 24 to quantify the intraindividual diagnostic confidence of a reader with respect to diagnosis and also to exclusion of a lesion and with respect to assessing a particular criterion for a disease. This approach was designed to illustrate the intraobserver variability between the 2 field strengths. Every rating concerning either diagnostic confidence of diagnosis or exclusion of a lesion or concerning the assessment of a criterion had an impact on the score.
Interobserver differences between ratings at 7 T and 3 T were assessed retrospectively by 1 rater, whether the factor "measurement" or the factor "rater" himself/herself was the reason for the discrepancy. This was achieved by comparing the assessments of the 2 raters to the criterion standard histopathology, which was available in nearly half of the cases. The factor "measurement" comprised the 2 different field strengths, as well as different measurement parameters. The factor "rater" included different interpretation and weighting of pathologic findings, as well as missed findings and misdiagnosis.
In our study, the slightly higher accuracy at 7 T compared with a criterion standard and the higher interrater agreement at 7 T compared with 3 T may also demonstrate the overall higher diagnostic confidence at 7 T.
Demyelinating Disease-Multiple Sclerosis
In our study, the diagnostic confidence for the diagnosis of MS, with regard to the dissemination in space, 26 did not differ between the 2 readers at either field strength. However, Filippi et al 27 outlined the better visualization of WM lesions and their morphological characteristics FIGURE 2. Axial T2-weighted images of an MS patient acquired at 3 T (A) and 7 T (C), and corresponding axial SWI images acquired at 3 T (B) and 7 T (D). Note the central vessels and iron deposits (rims) within MS lesions in SWI images (B and D, white arrows). In T2-weighted images central vessels are challenging to depict (A and C, white arrows). at 7 T. Kollia et al 28 reported in their comparative study, which was performed with 1.5 T and 7 T, that WM lesions were better detected and delineated from adjacent structures at 7 T and that, in 42% of the patients, additional lesions were detected at 7 T.
There was a nonsignificant tendency of the DCS for the diagnosis and exclusion of CLs in MS to be higher at 7 T. Because of the higher resolution at 7 T, primarily of the MP2RAGE sequence, but also of the 3D DIR sequence, lesions can be more exactly assigned as being cortically, cortically-subcortically, or purely subcortically located. This finding is supported by a study by Tallantyre et al, 29 in which highresolution 7 T imaging appeared useful for confidently classifying the location of lesions in relation to the cortical/subcortical boundary, mainly through MPRAGE. Furthermore, our data are consistent with a study by de Graaf et al, 18 where increased lesion detection was observed in cortical GM at 7 T.
In the study presented here, the diagnostic confidence was higher at 7 T for depicting a central vein and for detecting iron deposits within an MS lesion-for 1 reader with a statistically significant effect and for the other reader with a tendency toward a statistically significant effect. Our findings are largely in agreement with the results of several other previously reported studies, which have demonstrated that a central vessel in an MS WM lesion can be depicted more clearly using 7 T SWI than at 3 T, 19 and that the presence of a central blood vessel can be helpful in the differentiation of MS and microangiopathic lesions. 30 
Temporal Lobe Epilepsy
The higher diagnostic yield for the diagnosis of MTS at 7 T, and for the higher confidence in this diagnosis toward assignment to the histologic subtype according to the ILAE consensus classification of hippocampal sclerosis 31 at 7 T, is primarily due to the higher spatial resolution at 7 T, namely, in the coronal T2 TSE 2D sequence. Depending on the protocol used, spatial resolutions of up to 100 μm, 32 along with a slice thickness of 0.7 to 3 mm, can be achieved on T2-weighted images in vivo. 15, 33 Our results are supported by Wisse et al, 15 who showed that it is possible to delineate the main subfields of the hippocampal formation along its full length in vivo at 7 T MRI. Although the hippocampus is located relatively close to the base of the skull, the fast spin-echo sequences used in our study were very robust against susceptibility artifacts in this region. Improved GM/WM contrast and higher resolution at 7 T in the MP2RAGE sequence 34 leads to better GM/WM differentiation. This, in our assessment, seemed to be helpful mainly for exclusion but also diagnosis of MCD; however, the difference did not reach statistical significance.
Cerebrovascular Disease
There was no significant difference in diagnostic confidence for the evaluation of the extension of WMCs in vascular disease. Our findings are in agreement with Theysohn et al, 35 who stated that FLAIR images at 7 T highlighted WMLs known from 1.5 T to a comparable extent.
Diagnostic confidence score was significantly higher at 7 T for the diagnosis and exclusion of CLs in vascular disease. Because of the higher resolution at 7 T, primarily of the MP2RAGE sequence, but also of the 3D DIR sequence, lesions can be more exactly assigned as being cortically, cortically-subcortically, or purely subcortically located. In a study by van Veluw et al, the potential of ultra-high-field MRI to detect in vivo cortical microinfarcts was demonstrated. 8 Diagnostic confidence was higher at 7 T for the diagnosis and exclusion of vascular malformations and MBs, presumably due to the higher spatial resolution, but this was not statistically significant. This finding is consistent with Conijn at al, 36 who found that the presence and number of detected MBs are higher and also that the reliability of the detection of MBs improves with a 3D dual echo T2*-weighted sequence at 7 T, compared with a 3D T2*-weighted sequence at 1.5 T.
Tumor
In our study, diagnostic confidence was slightly higher at 7 T regarding the extra-axial or intra-axial location of brain tumors, but this was not statistically significant. In 1 case, a better visualization of displaced subarachnoid vessels at 7 T helped to define the extra-axial location of the tumor.
In tumors, a higher confidence for the assessment of the malignancy of brain tumors was observed at 7 T, based on the better visualization of neoangiogenesis in malignant brain tumors; however, this result was not statistically significant. In addition to contrast-enhanced techniques, efforts have been made to use non-contrast-enhanced approaches, such as, for example, 3D SWI at 7 T in brain tumors to visualize intratumoral structures in brain gliomas, including the microvasculature. Grabner et al 37 found that 7 T SWI seems to be an appropriate method for the investigation of changes in brain tumor vascularization under antiangiogenic therapy. Di Ieva et al 14 used an objective quantification by applying computer-aided fractal image analysis in 36 patients with brain gliomas (grades II-IV), scanned at 7 T, to differentiate between low-grade and high-grade gliomas.
Image Quality
There was no significant difference in the overall image quality score between 3 T and 7 T, where the image quality score was assessed on the basis of whether or not diagnostic decision making was hampered by artifacts. There was a small increase in artifacts at 7 T compared with 3 T. This can be attributed, in the main, to the higher resolution of the 7 T sequences but could also be affected by patient motion, which can be larger in the longer 7 T magnet bore. 2 Some challenges still remain at 7 T. The T2 SPACE 3D and 3D FLAIR SPACE sequences at 7 T are still a challenge, as in our experience these sequences have inherently higher B1 inhomogeneity, but also because of the prolonged relaxation times at 7 T compared with 3 T. T2-weighted 3D sequences with long echo trains with variable flip angles (such as SPACE) -low SAR alternatives to standard T2-weighted sequences at 7 T -are in the process of being optimized for resolution, SNR, and CNR. Deficiencies in the 3D FLAIR SPACE and T2 SPACE 3D sequence at 7 T did not hamper diagnostic decision making, however, as the 3D DIR sequence was used for diagnosis and exclusion of CLs. In contrast to our experience with the 3D DIR space sequence, in the study by Tallantyre et al, 29 not only the development of a 3D FLAIR sequence, but also of a 3D DIR sequence at 7 T was described as problematic, primarily because of the inherent B1 inhomogeneity, but also because of the longer relaxation times at 7 T. As a consequence, in the study of van Veluw et al, 8 the temporal lobes proved difficult to assess in the 7 T 3D FLAIR sequence because of a low SNR in these areas, which is a current known limitation of the applied 3D FLAIR sequence at 7 T. This is in accordance with our experience and had also been shown in a study by Visser et al. 38 In our experience, the 3D DIR sequence profits highly from the possibility to increase resolution at 7 T. We also noticed a slight decrease in hyperintense signal of cortex and lesions (WM lesions as well as CLs) compared with 3 T. Optimization work still has to be performed to determine optimum inversion times and flip angles.
In our experience also for the T1 FLASH sequence at 7 T optimization work still has to be performed to increase GM/WM contrast. However, diagnostic decision making was not hampered, as for diagnostic evaluation the MP2RAGE sequence was primarily used. Diagnostic information such as the detection of intracellular and extracellular methemoglobin, which relies on a T1-weighted sequence, in our experience was feasible using the T1 FLASH sequence at 7 T.
The well-known coil-related signal decrease in the posterior fossa still poses a problem that is likely to be overcome with parallel transmit technology in the near future. Within our study, the perception of pathologic imaging findings in the posterior fossa was not hampered at 7 T, compared with the 3 T examination-an accurate diagnosis of an infratentorial metastasis was possible, where the image quality was rated as 2 (moderate) by both readers.
A specific image feature has to be noted at 7 T: a hyperintense rim which is visible on 7 T FLAIR images at the pial surface of the cerebral cortex, which corresponds to the outer, glia-rich layers of the cortex (layers I-III). 39 Increased SNR through higher static magnetic field strength can be translated into higher spatial resolution or contrast or can be invested into a reduction in scan time. To achieve a higher diagnostic confidence in clinical neuroimaging, the benefit of a higher spacial resolution within the same scan time should be used at ultra-high-field 7 T.
Adverse Effects
Thirteen subjects experienced mild dizziness during the examination at 7 T, possibly related to the 7 T examination, the duration of the symptoms was less than 30 minutes in all cases. This is in accord with previous studies as, for example, Dal-Bianco et al 11 who reported a short episode of mild dizziness (of less than 2 minutes) for 2 of 10 patients when moved into the scanner.
Quantitative Analysis
SNR and CNR Evaluation
A requirement for protocol optimization was to obtain higher spatial resolution at 7 T in the same acquisition time and keep similar CNR at 7 T compared with 3 T, while obtaining an acceptable SNR. Within this condition, imaging protocols were optimized by visual inspection (before this study) to yield the best visibility of anatomic structures (eg, GM, WM, veins) and pathologies. This process led to protocols with different resolutions, flip angles, echo times, receiver bandwidths, and acceleration factors at the 2 field strengths, making it challenging to distinguish the influence of field strength on SNR and CNR from other factors. The most significant differing protocol factor was the higher spatial resolution in 8 of 11 sequences ( Table 1 ). For that reason, we also presented SNR results that are scaled by the ratio of 3 T/7 T voxel sizes. In 10 of 11 sequences (all except T1 MP2RAGE 3D), the voxel-volume-normalized SNR was higher at 7 T than at 3 T. This was true for healthy volunteers and patient groups, and for phantom results, which were assessed rigorously according to Dietrich et al. 22 It should be noted that the voxel volume scaling does not remove SNR differences related to other parameters, so the generally higher voxel-volumenormalized SNR at 7 T cannot be attributed to field strength alone.
Limitations of the Study
A limitation of this study is the limited number of patients in each of the 4 disease groups, although, in total, 40 patients underwent an MR protocol of 10 sequences that required 1-hour scan time at each field strength. In addition, the imaging protocols used in this study were optimized for clinical evaluation and not for quantitative SNR/CNR analysis. A rigorous comparison of the SNR at both field strengths was not feasible, although phantom measurements made in accordance with best practice 22 suggest that our conclusions, if not the exact values, are well founded. The voxel volume correction we performed removes the influence of different voxel sizes but does not allow remaining SNR differences to be attributed to the field strength alone: different RF coils, sequence parameters, relaxation times, and postprocessing options also play a role. Identical resolution, receiver bandwidth, acceleration factor, flip angles, and many other parameters at both field strengths would be desirable study modifications.
To the extent that this was possible, blinded reading was performed for the semiquantitative analysis of the 3 pathology specific criteria in each of the 4 disease groups. The field strength could be identified in the majority of the sequences, primarily due to higher resolution, but also due to 7 T-specific image features such as, for example, the well-known hyperintense rim on 7 T FLAIR images at the pial cortical surface corresponding to layer I to III of the cortex, and due to the well-known coil-related signal decrease in the posterior fossa. However, radiologists consciously aimed not to overrate 7 T MRI.
No contrast agent was administered to the patients, although this would be desirable in the diagnostic workup of tumorous disease and MS in daily clinical routine. A contrast administration to the patients at both field strengths would not have been a reasonable burden to the patients, as the better contrast effect at 7 T compared to 3 T has already been shown 40 in tumorous disease. Moreover, we aimed to assess noncontrast imaging criteria that have the potential to gain clinical relevance and mainly through high-field MRI.
CONCLUSIONS
Ultra-high-field MRI at 7 T yielded an improved diagnostic confidence in the most frequently encountered neurologic disorders, compared with 3 T. A gain of precision was achieved for small structures and subtle pathologies, for example, for CL detection in microvascular disease and MS, or structural epileptogenic lesions in the temporal lobe, as well as for depicting a central vein and iron accumulations within an MS lesion. The major reason seems to be higher spatial and contrast resolution achievable at 7 T. At ultra-high-field 7 T increased SNR through higher static magnetic field strength should be translated into higher spatial resolution and contrast within the same scan time to achieve a higher diagnostic confidence in clinical neuroimaging.
